Introduction
Paratuberculosis, caused by Mycobacterium avium subsp. paratuberculosis (M. paratuberculosis) has insidiously spread among U.S. dairy herds over the past century. In the U.S. today, the disease is endemic with an estimated true herd prevalence of 91.1% [1] . The economic impact of paratuberculosis at the herd-level is perceived by the dairy producer only after the within-herd prevalence rises to point that clinical cases of Johne's
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Copyright: © 2015 Collins M. paratuberculosis-infected dairy cattle were a subset of over 5,000 adults (>2 years old) Jersey cattle recruited for a genomewide association study on paratuberculosis susceptibility May 2009 through March 2011 [6] . In total, sera from 411 clinically normal adult Jersey cattle residing in 28 U.S. herds from multiple states confirmed to be M. paratuberculosis-infected by fecal culture (BACTEC MGIT paraTB medium™, BD Diagnostic Systems, Sparks, MD)or real-time PCR(VetAlert™, Tetracore, Rockville, MD) were used. These sera were intentionally selected to represent a range of ELISA results by using the original ELISA (O-ELISA; HerdChek™, IDEXX Laboratories, Westbrook, ME)S/P value; 100 were O-ELISA-negative (S/P < 0.10), 10 were O-ELISAsuspect (S/P 0.10-0.25), 97 had low-positive O-ELISA results (S/P 0.26-0.40), 103 had moderate-positive O-ELISA results (S/P 0.41-0.99), and 101 had strong-positive O-ELISA results (S/P ≥1.00). M. paratuberculosis detected in feces by culture was verified by multiplex PCR [7] . M. paratuberculosis fecal shedding rate was evaluated using real-time PCR (VetAlert™, Tetracore, Rockville, MD) Ct values for a subset of 161 animals (Ct average: 32.9 ± 3.89; range: 20.5-38.9).
The A-ELISA was performed in duplicate wells. Sera from both infected and non-infected cattle were assigned a random number and placed on each ELISA plate according to that number, i.e. randomized on every ELISA plate. If the Coefficient of Variation (CV) between wells was >10%, the assay was repeated. In all cases, the CV on the repeated assay was <10% and this mean Optical Density (OD) value were used for all subsequent data analyzes. All OD values were converted to S/P values by comparison to positive and negative controls provided with the kit as follows: S/P = (OD sample -OC negative control) / (OD positive control -OD negative control)
The S/P cutoff was set a ≥0.700. Likelihood ratios were the calculation for five S/P levels by methods described previously [5, 8] . Statistical analysis of the data was done using commercial software (GraphPad Prism™ version 5.00 for Windows, GraphPad Software, San Diego, CA).
Two USDA-licensed commercial kits used for comparison, designated B-ELISA(Parachek™, Prionics AG, Switzerland) and C-ELISA(HerdChek™, IDEXX-Pourquier, Westbrook, ME) were performed and according to manufacturer's instructions but in duplicate wells. As for the A-ELISA, if the coefficient of variation (CV) between wells was >10%, the assay was repeated. In all cases, the CV on the repeated assay was <10% and this mean OD value was transformed and interpreted according to kit manufacturer instructions and used for data analysis. All ELISAs were performed at the Johne's Testing Laboratory, School of Veterinary Medicine, The University of Wisconsin that has been NVSL-approved for performing ELISAs, fecal culture and fecal PCR tests for bovine paratuberculosis since 1995. All assays were done by a single technician who has similarly passed the NVSL bovine paratuberculosis serum ELISA "check test" annually for more than a decade. All reference tests were done at the same laboratory that was NVSL-approved for each test over the years spanning when testing was performed.
Sensitivity was defined as the percentage of M. paratuberculosis-infected cattle that were test-positive. Specificity was defined as the percentage of non-infected cattle that were test-negative.
Results
Sensitivity and specificity estimates for the three ELISAs in the study were not significantly different ( Table 1) . Agreement of categorical results (positive/negative) between A-ELISA and each of two other bovine paratuberculosis ELISA kits is shown in Tables 2 and 3 . McNemar's Chi-square analysis indicated no significant difference between ELISAs A and B but a significant difference between ELISA A and C due to the greater number of discrepant results (Chi-square = 12.2, P < 0.01). However, kappa values were high indicating excellent overall results agreement for both comparisons; A-ELISA vs B-ELISA kappa = 0.776, and A-ELISA vs C-ELISA kappa = 0.782.
Among M. paratuberculosis-infected dairy cattle, 250 had been confirmed infected using fecal culture while 161 had been confirmed infected by real-time PCR. For all three ELISAs, diagnostic sensitivity was influenced by the method of M. paratuberculosis infection diagnosis (Table 4) . Averaging results for all three ELISAs, 61.2% (range 58.0% -65.6%) of fecal culturepositive cattle were ELISA-positive while 86.5% (range 83.9% -89.4%) of PCR-positive cattle were ELISA-positive. A-ELISA results were grouped into five ranges: 2 below the cutoff and 3 above the cutoff. Likelihood ratios (LR) for each S/P range were defined as the percentage of M. paratuberculosisinfected divided by the percentage of non-infected cattle for each S/P range yielding the odds that an animal with an A-ELISA S/P in the given range was shedding M. paratuberculosis in feces (Table  5 ). With each successively higher range of A-ELISA S/P values the LR was greater and in the highest range, S/P ≥ 2.000, the odds were infinitely high (division by zero) since no non-infected cattle were detected to have high ELISA S/P.
Linear correlation between A-ELISA S/P values and real-time PCR Ct values for the 161 M. paratuberculosis PCR-positive cattle

Discussion
Diagnostic sensitivity and specificity for A-ELISA were not significantly different from those of two USDA-licensed kits (Table 1) . This finding is supported by a high level of agreement with both comparison ELISAs, >89.4%, and high (>0.77) kappa values when kit results were cross-tabulated (Tables 2,3 ).These agreement and kappa values are similar to those reported in previous bovine ELISA kit comparisons [5] . ELISA specificities are consistent with those of prior publications [5, 9, 10] .
ELISA sensitivity estimates were higher than in a previous evaluation of five ELISA kits for paratuberculosis by virtue of the reference tests and use of prior ELISA results in sample selection. In the earlier report, the reference test was the combined fecal culture results from three different laboratories each using an aliquot of the same fecal sample to isolate M. paratuberculosis using different fecal culture methods [5] . The resulting ELISA sensitivity estimates from that study ranged from 28.43% to 44.52%. As described in that report, if only a single lab's fecal culture data, i.e. conventional culture on Herrold's Egg Yolk medium by the Minnesota Veterinary Diagnostic Laboratory, was used as the reference test, the ELISA sensitivity estimates would have been much higher, i.e. 45.7% to 62.7%. These values are quite similar to the sensitivity of the three ELISAs calculated in the present study using only the 250 cattle defined as M. paratuberculosis-infected by a single fecal culture (58.0% -65.6%) ( Table 4 ). When real-time PCR was used as the reference test, ELISA sensitivity estimates were 83.9% to 89.4%. This higher sensitivity estimate likely reflects that PCR was less sensitive than fecal culture, i.e., the PCR detected animals shedding higher numbers of M. paratuberculosis-an issue of analytical sensitivity; cattle in more advanced stages of M. paratuberculosis infection [11] . 
0001).
This same relationship was demonstrated in an earlier evaluation of five ELISAs for paratuberculosis where diagnostic sensitivity of all ELISA kits was directly related to the M. paratuberculosis fecal shedding score; ELISA sensitivity being 1.4% to 22.3% for dairy cattle in the lowest fecal shedding category and 72.2% to 81.7% for cattle in the highest fecal shedding category, so-called "heavy shedders" [5] .
ELISA diagnostic sensitivity is commonly described as too 
Comparison of Three Enzyme-Linked Immunosorbent Assay (ELISA) Kits for Diagnosis of Dairy Cattle Shedding Mycobacterium Avium Subsp. Paratuberculosis in Feces
Copyright: © 2015 Collins low [12, 13] . However, this only applies to its ability to detect all truly M. paratuberculosis-infected animals in a herd; shedding and not shedding M. paratuberculosis in feces. When the purpose of the ELISA is to detect animals shedding M. paratuberculosis in feces, i.e., infectious, then ELISA sensitivity is relatively high; 68.1% to 74.9% for all three ELISAs in this study.
Reporting of ELISA results numerically coupled with the use of multi-level cutoffs based on likelihood ratios, provides the end user valuable information permitting discrimination among test-positive animals in a herd as to their probability of being infectious. Management decisions can be linked with these S/P levels helping producers make the most cost-effective culling decisions [2] . Not all ELISA-positive animals are equally infectious. Those with a "strong-positive" ELISA result are likely to be shedding logarithmically, e.g. at least 100-fold, more M. paratuberculosis per gram of feces than animals with low or negative ELISA results. These cows with the highest ELISA results are the ones presenting the greatest risk for M. paratuberculosis transmission in a dairy herd. A field trial showed that culling can be restricted to the cows with strong-positive ELISA results; i.e. not all ELISA-positive animals, and still have an effective paratuberculosis control program, provided the other ELISApositive cattle are managed appropriately [14] . This highlights the utility of ELISAs; a critical aspect of diagnostic test evaluation as described in STRADAS-paraTB guidelines [4] . This study has some limitations. The available sera were not collected specifically for the present study. Rather, they were part of a repository of sera collected for other studies. For this reason, the reference test defining M. paratuberculosis-infected cattle was not the same for all cattle; however, in all cases it was an M. paratuberculosis detection-based assay. Results of a prior ELISA (O-ELISA) were used to stratify samples and this resulted in incorporation bias, but it does not invalidate a head-to-head comparison of ELISAs. Breed was a potential confounding variable in this study: non-infected controls were Holsteins while the M. paratuberculosis-infected cattle were Jerseys. However, the breed has not been reported to influence paratuberculosis diagnostic test accuracy. All M. paratuberculosis-infected animals were fecal shedders and therefore in more advanced stages of the infection making them more readily detected by ELISAs causing an upward bias in sensitivity estimates as previously discussed.
ELISAs for use in paratuberculosis control programs have several advantages. They are the least expensive and most rapid diagnostic test available for paratuberculosis. They are also effective at detecting the majority of cattle shedding significant numbers of M. paratuberculosis in feces, specifically, the infectious cattle and shedding >10 2 organisms per gram feces (approximate detection limit of fecal culture or real-time PCR) [15] . Importantly, quantitative use of ELISA results allows prioritization of animals for culling or segregation at the time of calving. ELISAs are probably not suitable for use in paratuberculosis eradication programs, but with the exception of breeders of registered cattle, this is not a high priority for the U.S. dairy industry at this time.
